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BACKGROUND OF THE INVENTION 



Field of the Invention 

[0005] The present invention is related to semiconductor integrated circuits, 

and specifically, to an active low pass filter having a tuning circuit to 
minimize the impact of temperature and process variations. 

Background Art 

[0006] Today mixed-signal integrated circuits comprise both analog and 

digital components on a single chip. Such mixed-signal integrated circuits 
include devices such as transistors, capacitors, resistors, inductors, and the 
like. These devices are coupled together in a plethora of ways to form simple 
components, such as logic gates, registers and memory cells, as well as more 
complicated components, including entire microprocessors, memory arrays, 
amplifiers, and the like. 

[0007] The frequency response of active filters is determined by the values of 

their various resistance-capacitance (RC) elements. Although switches, small- 
value capacitors, and operational amplifiers can be realized in integrated 
circuits using MOS technology, it is very difficult to make resistors and 
capacitors with the values and accuracy required by certain radio frequency 
(RF) applications. 

[0008] This integration drawback has been overcome by implementing 

resistors with MOS capacitors coupled between MOS switches that are rapidly 
switched on and off. Such devices are called "switched capacitors." 
Switched-capacitors can commonly be used in electronic applications to 
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realize a wide variety of active filters that have the advantages of compactness 
and tunability. They are typically used to replace resistors in active filter 
circuits. The time constants arising from these simulated resistances and other 
MOS capacitors are based on capacitance ratios. Providing values set by 
capacitor ratios to control the time constants yields on-chip RC components 
that are less susceptible to errors due to manufacturing process variations, and 
temperature changes. However, the usefulness of switched-capacitors with 
operational amplifiers circuits is limited. The DC offset voltages plagued by 
non-ideal operational amplifiers causes loss of accuracy at low operating 
voltage levels. 

[0009] What is needed is a switched-capacitor circuit technique for 

eliminating the adverse impact of operational amplifier DC offset voltages. 

BRIEF SUMMARY OF THE INVENTION 

[0010] The present invention is directed to an integrated circuit formed on a 

semiconductor chip comprising a low pass filter circuit and a tuning circuit. 
The low pass filter circuit has a first resistor of a first resistance value and a 
capacitor of a first capacitance value, wherein the first resistance value and the 
first capacitance value determine a corner frequency of the filter. 

[0011] The tuning circuit has a second resistor of a second resistance value, a 

switched-capacitor of a third resistance value and a comparator that compares 
two voltage signals and produces a control signal, wherein the control signal 
adjusts the first and second resistance values as a function of the third 
resistance value. 

[0012] In one embodiment of the integrated circuit, a first one of the two 

voltage signals is coupled to the switched-capacitor and a second one of the 
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two voltage signals is coupled to the comparator, wherein the integrated circuit 

further comprises means for adjusting the corner frequency of the filter by 

varying at least one of the two voltage signals. 
[0013] In another embodiment of the integrated circuit, the integrated circuit 

includes a clock to control the switched-capacitor, wherein the corner 

frequency of the filter can be adjusted by varying frequency of the clock. 
[0014] In yet another embodiment, the corner frequency of the filter can be 

changed by adjusting the corner frequency and by adjusting at least one of the 

two voltage signals. 

[0015] These and other advantages and features will become readily apparent 

in view of the following detailed description of the invention 

BRIEF DESCRIPTION OF THE FIGURES 

[0016] The features and advantages of the present invention will become more 

apparent from the detailed description set forth below when taken in 
conjunction with the drawings in which like reference numbers indicate 
identical or functionally similar elements. Additionally, the left-most digit of 
a reference number identifies the drawing in which the reference number first 
appears. 

[0017] FIG. 1 illustrates a conventional low pass filter circuit. 

[0018] FIG. 2 is a plot illustrating the frequency response of the low pass filter 

of FIG. 1. 

[0019] FIG. 3 illustrates a conventional switched-capacitor circuit. 

[0020] FIG. 4 illustrates an active low pass filter with a tuning circuit in 

connection with the present invention. 
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DET AILED DESCRIPTION OF THE INVENTION 

[0021] The preferred embodiment of the present invention will now be 

discussed in detail. While specific features, configurations and arrangements 
are discussed, it should be understood that this is done for illustration purposes 
only. A person skilled in the relevant art will recognize that other steps, 
configurations and arrangements may be used without departing from the 
spirit and scope of the invention. Indeed, for the sake of brevity, conventional 
electronics and other functional aspects of the method/apparatus (and 
components of the individual operating components of the apparatus) may not 
be described in detail herein. Furthermore, for purposes of brevity, the 
invention is frequently described herein as pertaining to satellite tuners. It 
should be appreciated, however, that many other devices having one or more 
low pass filters could be readily modified to included the present invention, 
and thus the techniques described herein could be used in connection with 
other such devices. Moreover, it should be understood that general 
references(e.g., "first", "second", etc.) made herein are for purposes of 
illustration only. 

[0022] FIG. 1 illustrates a conventional first order RC low-pass filter 100. 

The filter 100 receives an input signal (Vim) at a resistor 102, which in turn is 
coupled to an inverting input of an operational amplifier 104. A non-inverting 
input of the operational amplifier 104 is coupled to ground. A capacitor 106 is 
coupled between the inverting input of operational amplifier 104 and its output 
node. The circuit produces an output signal (V 0 ut). The first order RC low- 
pass filter corner frequency is set by \/(2n RC). 

[0023] FIG. 2 illustrates the frequency response of a conventional low-pass 

filter, which plots magnitude (in decibel "dB" units) versus frequency (f). 
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Any person skilled in the relevant art will be familiar with circuit 100 and its 
transfer characteristics, as well as many practical implications and uses of such 
a filter. For example, it is well known that the -3 dB point 202 on curve 200 
of FIG. 2 represents the "corner frequency" or "cutoff frequency" of the low- 
pass filter (e.g., circuit 100). A cutoff frequency (fc), corresponding to the 
cutoff point 202, is equal to the reciprocal of the product of the 27iRC (i.e., f c 
= 1/(2tcRC)). 

[0024] In the satellite receiver, for example, a low-pass filter (LPF) can be 

used to select the desired channel. The corner frequency of low-pass filter 
needs to be programmable from 2 MHz to 36 MHz. The LPF comer 
frequency must be accurately tuned within 1 MHz. However, as noted in the 
background section, due to manufacturing process and temperature variations 
between different integrated circuits, manufacturing accurate LPFs comprising 
integrated resistors and capacitors can be difficult. Moreover, although 
capacitors having similar structures on a single integrated circuit will yield 
substantially the same capacitance value, that value cannot be controlled 
tightly enough. Armed with this knowledge, the present inventors endeavored 
to develop a circuit to achieve accurate LPF corner frequencies. 

[0025] One known technique for tuning LPFs is to implement resistor 102 in 

FIG. 1 with a switched-capacitor. A conventional switched-capacitor is 
illustrated in FIG. 3. The switched-capacitor filter technique is based on the 
realization that a capacitor switched between two circuit nodes at a sufficiently 
high rate is equivalent to a resistor connecting these two nodes. Specifically, 
the two switches Si and S2 of FIG. 3 are driven by a non-overlapping, two- 
phase clock, fcLK. It is assumed, for this explanation, that the clock frequency 
fcLK is much higher than the frequency of the signal being filtered by the 
circuit 100, assuming that the switched-capacitor were used in place of the 
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resistor 102. During clock phase <pi capacitor Cs charges up to a voltage at 
node 302 by closing Si. Then, during a second clock phase q> 2 , capacitor Cs is 
connected to the output node 304 by closing S2. In a case where output node 
304 is the non-inverting input of operational amplifier 104 in FIG. 1, the 
capacitor Cs is forced to discharge, and its previous charge is transferred. 
Thus, if fcLK is much higher than the frequency of the voltage wave forms of 
Vjn, then the switching process can be taken to be essentially continuous, and 
a switched-capacitor can then be modeled as an equivalent resistance as shown 
below in equation 1 : 

[0026] Therefore, the use of a switched-capacitor in conjunction with the 

capacitor 106 in FIG. 1, and the operational amplifier 104 can be used to 
achieve an active low-pass filter. As can be seen from Equation 1 , use of the 
switched-capacitor enables the active filter to be "tuned" by varying the 
frequency of fcuc, which thereby changes the value of R and the cutoff 
frequency. 

[0027] For illustration purposes, FIG. 3 includes an inverter 306 that inverts 

fcLK to generate the opposite phase clock cp 2 . Any person skilled in the 
relevant art will recognize that the non-overlapping clocks cpi and 92 can be 
produced in many ways. Moreover, switches Si and S2 can be implemented 
with transistors (for example, metal oxide semiconductor field affect 
transistors (MOSFETs), or the like). Additionally, various means are 
commercially available for generating the clock frequency. Voltage controlled 
oscillators (VCOs), for example, include a control input to adjust the 
oscillation frequency. Background on active low-pass filters and switched- 
capacitors is found in "Microelectronic Circuits," A.S. Sedra et al.(Holt, 
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Reinhart and Winston publishers, 1987), and "Applications of the Switched- 
Capacitor Circuits in Active Filters and Instrumentation Amplifiers," W.R. 
Grise {The Technology Interface Vol 3, No. 3, Fall 1999, ISSN No. 1523- 
9926). 

[0028] Turning now to the present invention, FIG. 4 illustrates an active low- 

pass filter and caparator circuit for achieving accurate filtering on an 
integrated circuit. In order to overcome manufacturing process variations and 
errors introduced by temperature variations, the inventors have combined an 
active low-pass filter 402 with a timing circuit 404 in order to accurately 
adjust the comer frequency of the low-pass filter 402. In general, the tuning 
circuit 404 generates a control signal 406 to adjust two variable resistors (416 
and 420). Variable resistor 416 in the tuning circuit 404 and variable resistor 
420 in the active low-pass filter 402 are identical and are adjusted by control 
signal 406 as a function of the equivalent resistance of a switched-capacitor 
408 and the V A dj/V ref ratio that determines the comer frequency of the low- 
pass filter. 

[0029] Specifically, tuning circuit 404 comprises switched capacitor 408, an 

amplifier 410, a comparator 412, a successive approximation register (SAR) 
414 and a variable resistor 416. An adjustable voltage (V A dj) is applied to an 
input of the switched-capacitor 408. An output of switched-capacitor 408 is 
coupled to an inverting input of amplifier 410. A non-inverting input of 
amplifier 410 is coupled to ground. An output of amplifier 410 is coupled to 
an inverting input of a comparator 412. 

[0030] A reference voltage (Vref) is coupled to a non-inverting input of 

comparator 412. An output of comparator 412 is coupled to an input of A/D 
converter 414. The A/D converter 414 produces the control signal 406, which 
is described in further detail below. The variable, or otherwise adjustable 
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resistor (Radj) 416 is coupled between the inverting input of amplifier 410 and 
its output (which is also the inverting input of comparator 412). Control signal 
406 is also coupled to R A dj 416 to change its resistance value. 
[0031] The active low-pass filter (LPF) 402 comprises a variable resistor 420, 

a capacitor 422 and an amplifier 424. A signal to be filtered is applied to a 
first node label Vin, which is coupled to resistor 420. Resistor 420 also 
coupled to the inverting input of amplifier 424. A non-inverting input of 
amplifier 424 is coupled to ground. Capacitor 422 is coupled across the 
inverting input of amplifier 424 and its output node, which is labeled as Vout- 
Variable resistor 420 also receives control signal 406 to change its resistance 
value. 

[0032] Operation of the tuning circuit 404 in FIG. 4 will be described next. 

To illustrate the operation of tuning circuit 404, consider a case in which 
voltages V A dj and Vref are kept constant. Also, for this explanation, assume 
comparator 412 and successive approximation register (SAR) 414 simply 
comprise an amplifier 430 that produces the control signal 406 to adjust 
resistor 416. In the simple case, the comparator 430 will produce a control 
signal 406 to adjust resistor 416 to match the value of resistor 408 until the 
output voltage of amplifier 410 is equal to Vref- Thus, once the voltage levels 
at the input of comparator 430 are the same, control signal 406 will no longer 
change the resistance of resistor 416. 

[0033] In order to establish accurate corner frequencies for active low-pass 

filter 402, the product of the resistance value for resistor 420 and the nominal 
capacitance value for capacitor 422 must be accurate. Since a stable 
capacitance value can be achieved using existing semiconductor 
manufacturing techniques, an initial capacitance value for capacitor 422 can 
be determined. However, because of processing variations and temperature 
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variations, the exact capacitance of the capacitor can vary from chip to chip. 
Because the capacitance would vary from chip to chip, even though an 
accurate fixed resistance value for the resistor 420 is provided, the corner 
frequency will also vary, as described above. 

[0034] The exact corner frequency, however, can be achieved by varying the 

resistance of resistor 420 to an exact resistance value equal to 1 l(2n • fc'C), 
where fc is the corner frequency of the low-pass filter. This can be achieved 
using a switch-capacitor circuit 408. 

[0035] According to the present invention, a capacitance value and switching 

frequency value are selected for switching-capacitor 408 in order to achieve 
the exact desired resistance for the active low-pass filter 402. In operation, 
since the ideal comparator 430 produces control signal 406 so as to cause the 
resistance of variable resistor 416 to match the resistance of switch capacitor 
408, control signal 406 is also supplied to variable resistor 420. Thus, by 
achieving a desired equivalent resistance at switched capacitor 408, the tuning 
circuit 404, via comparator 430, will produce a control signal 406 so as to 
cause resistor 420 of the active low pass filter 402 to produce a resistance 
value for resistor 420 equal to the affective resistance of switch-capacitor 408 
equal to l/(fcLK * Csc)> where fcuc is the switching frequency and Csc is the 
capacitance value of the Cs in FIG. 5. Equating this resistance value to l/(27c • 
f c *C) in order to get the desired accurate corner frequency of the low-pass 
filter will be described later. In summary, the resistance of variable resistors 
416 and 420 is adjusted via the control signal 406 until the desired value for 
the LPF corner frequency is achieved. 

[0036] According to one embodiment of the present invention, adjusting f C LK 

of the switched capacitor 408 will change its resistance. To compensate, 
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comparator 430 adjusts control signal 406 to change the value of resistor 420, 
thereby changing the LPF corner frequency of the active low-pass filter 402. 
[0037] According to another embodiment of the present invention, control 

signal 406 is changed by adjusting a ratio "K" of voltages V A dj and VW (i.e., 
K= Vadj/Vref), while fcLK remains constant: 

[0038] Changing the ratio "K" causes the differential voltage at the input of 

comparator 430 to change. To compensate, the comparator 430 changes 
control signal 406 so as to vary the resistance of adjustable resistor Radj 416, 
thereby causing the voltage at its inverting input to again match the voltage at 
its non-inverting input. At the same time control signal 406 adjusts the 
resistance of resistor 416 to compensate for the changed voltage ratio, control 
signal 406 also changes the resistance of resistor 420 thereby changing the 
comer frequency of the active low-pass filter 402. In order to tune the comer 
frequency of the low-pass filter from 2 MHz to 36 MHz, K is varied from 1 to 
18 respectively in this design. However, in order to make the design 
insensitive to errors produced by the non-idealities of the switch capacitor 
circuit 408 and the operational amplifier 410, high values of K are desired. By 
dividing f C LK for lower-half comer frequencies, K is circulated from 8 to 18 
instead of changing from 1 to 18. This technique improves the circuit 
sensitivity for comer frequencies from 2 MHz to 15 MHz. The sensitivity is 
further improved by reducing the offset voltage of the operational amplifier 
410 and the comparator 412 by employing an offset-cancellation scheme in 
the comparator 412. 

[0039] Also, according to this latter embodiment of the present invention, the 

ratio of voltages V A dj and Vref can be changed by changing either V A dj or 
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Vref, or both V A dj and Vref. Preferably, Vre F can be set to a constant 
reference voltage, while voltage V A dj is adjusted so as to change the corner 
frequency of the active low-pass filter 402. The voltages V A dj and Vref can 
be implemented using a resistor ladder with variable tap points. Other voltage 
sources can be used to provide Vadj and Vref, as would become apparent to a 
person skilled in the relevant art. 

[0040] The switch capacitance Csc in FIG. 5 is implemented as a NMOS-in- 

NWELL capacitor, the same way for the capacitor 422 in the low-pass filter. 
For this design, fciJC is equal to 16 MHz, and the value of Csc is scaled to be 
(71 C)/4 in order for R in Equation 2 to be equal to 1/(271 fc C). As a result, the 
desired accurate corner frequency of the low-pass filter will be established. 

[0041] Variable resistors 416 and 420 can be implemented in a variety of 

ways. Each can comprise a bank of selectable resistors, for example. Other 
equivalent resistor networks will become apparent to a person skilled in the 
relevant art. 

[0042] Control signal 406 can be a digital signal so as to select one or more of 

the individual resistors in each respective resistor bank. In order to produce a 
digital control signal 406, the analog-to-digital converter 430 can comprise a 
comparator 412 coupled to a successive approximation register (SAR) 414. 
Other equivalent circuit to implement the functionality of comparator 430 for 
generating control signal 406 will become apparent to a person skilled in the 
relevant art. 

[0043] In the case in which operational amplifier 412 is employed, the 

inventors have also discovered that the DC offset voltage of the operational 
amplifier produces undesirable characteristics at low V A dj voltage. To 
compensatwoe for this, fcuc can be adjusted until the desired value for the LPF 
comer frequency is achieved. 
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Conclusion 

[0044] While various embodiments of the present invention have been 

described above, it should be understood that they have been presented by way 
of example, and not limitation. It will be apparent to persons skilled in the 
relevant art that various changes in form and detail can be made therein 
without departing from the spirit and scope of the invention. This is especially 
true in light of technology and terms within the relevant art(s) that may be 
later developed. 

[0045] The present invention has been described above with the aid of 

functional building blocks or modules (see 416, 420 and 430, for example) 
illustrating the performance of specified functions and relationships thereof. 
The boundaries of these functional building blocks have been defined herein 
for the convenience of the description. Alternate boundaries can be defined so 
long as the specified functions and relationships thereof are appropriately 
performed. Any such alternate boundaries are thus within the scope and spirit 
of the claimed invention. One skilled in the art will recognize that these 
functional building blocks can be implemented by discrete components, 
application specific integrated circuits, processors executing appropriate 
software and the like or any combination thereof. Thus, the breadth and scope 
of the present invention should not be limited by any of the above-described 
exemplary embodiments, but should be defined only in accordance with the 
following claims and their equivalents. 
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